Abstract: Increased efforts have been undertaken to better understand the formation of signaling complexes at cellular membranes. Since the preparation of proteins containing a transmembrane domain or a prenylation motif is generally challenging an alternative membrane anchoring unit that is easy to attach, water-soluble and binds to different membrane mimetics would find broad application. The 33-residue long FATC domain of yeast TOR1 (y1fatc) fulfills these criteria and binds to neutral and negatively charged micelles, bicelles, and liposomes. As a case study, we fused it to the FKBP506-binding region of the protein FKBP38 (FKBP38-BD) and used 1 H-15 N NMR spectroscopy to characterize localization of the chimeric protein to micelles, bicelles, and liposomes. Based on these and published data for y1fatc, its use as a C-terminally attachable membrane anchor for other proteins is compatible with a wide range of buffer conditions (pH circa 6-8.5, NaCl 0 to >150 mM, presence of reducing agents, different salts such as MgCl 2 and CaCl 2 ). The high water-solubility of y1fatc enables its use for titration experiments against a membrane-localized interaction partner of the fused target protein. Results from studies with peptides corresponding to the C-terminal 17-11 residues of the 33-residue long domain by 1D 1 H NMR and CD spectroscopy indicate that they still can interact with membrane mimetics. Thus, they may be used as membrane anchors if the full y1fatc sequence is disturbing or if a chemically synthesized y1fatc peptide shall be attached by native chemical ligation, for example, unlabeled peptide to 15 N-labeled target protein for NMR studies.
Introduction
Membranes separate cells from the surrounding environment and enable compartmentalization by enclosing their organelles, for example, the endoplasmic reticulum and the Golgi apparatus, and different vesicular structures such as the liposome. [1] [2] [3] These membranes are composed of bilayers formed by different types of lipids and cholesterol as well as proteins. 2, 3 The exact composition affects the local membrane properties such as surface charge and curvature or the packing density. [2] [3] [4] In the past few years increased efforts have been made to better understand biological processes at membranes, for example, the formation of specific signaling complexes or transport vesicles, 3, 4 because the appropriate subcellular localization of proteins provides the physiological context for their function. 1 Moreover, it is assumed that spatial separation or partitioning of signaling complexes reduces the interference between them. 5 The biophysical characterization of the interactions between membrane mimetics and proteins provides detailed insights into how the membrane composition affects the affinity for membrane-localizing proteins. Such studies can also elucidate the membrane associated structure, dynamics, and accessible surface area of these proteins, and how membrane localization by a transmembrane domain, a fatty acid modification or a membrane anchoring unit influences the interaction with known binding partners. 3, 6 In in vitro interaction studies, the use proteins bearing a transmembrane domain or a posttranslational prenylation site for membrane tethering can be challenging due to low expression rates, low solubility, and the need of additional purification steps, for example, to separate farnesylated from non-farnesylated protein. 7 Thus a membrane anchoring unit that is easy to attach, water-soluble, and that binds to many different types of membrane mimetics would find broad application. Recent interaction, structural, and computational studies have demonstrated that the circa 33-amino acid long, redox-sensitive FAT C-terminal domain of the ser/thr kinase target of rapamycin (TOR) fulfills all this criteria. [8] [9] [10] [11] [12] TOR is a circa 280 kDa multidomain protein [ Fig. 1(A) ] that forms two distinct multiprotein complexes, which centrally control cell growth and metabolism. [13] [14] [15] [16] TOR has been detected at different cellular membranes and in the nucleus. Based on these observations it has been suggested that the localization of TOR depends on the composition of the TOR complexes as well as on the cell type and signaling state and is mediated by an extensive network of protein-protein and proteinlipid interactions. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] The solution structure of the oxidized FATC domain of yeast TOR1 [residues 2438-2479, y1fatc, Fig. 1(A) ] consists of a a-helix that is followed by a disulfide-bonded loop, whose reduction causes increased flexibility of the Cterminal half of the protein. 29 Subsequent studies showed that the FATC domain can interact with all tested membrane mimetics including neutral and negatively charged micelles, neutral bicelles, and neutral and negatively charged liposomes of the small unilamellar vesicle (SUV) type [ Fig. 1(B) ] and provided the micelle immersed structures of both redox states [ Fig. 1(C) ]. 8, 9, 11, 12 Whereas replacement of up to 6 or 7 aromatic or aliphatic residues did not abrogate the interaction with neutral micelles and bicelles, replacement of only one aromatic residue (Y1463 or W2466) hampered the interaction with SUVs. 11 This can be explained by the significantly lower sample concentration of SUVs compared to micelles and bicelles as well as their larger radius and thus lower membrane curvature. The FATC domain is shared by all members of the family of phosphatidylinositol-3 kinase-related kinases (PIKKs), which control cellular signaling pathways in response to stress and nutrients. 28, 30, 31 All have been shown to interact with membrane mimetics albeit with differences in the preferences for specific membrane properties. 10 The human FK506-binding protein of 38 kDa (FKBP38) has been suggested to regulate apoptosis as well as to influence the regulation of TORC1 by the small GTPase Rheb. 32 region binds to the second messenger calmodulin, which activates its prolylisomerase activity, 36 while the tetratricopeptide-repeat (TPR) domain has been shown to interact with the molecular chaperone Hsp90, the anti-apoptotic proteins Bcl-2 and Bcl-X L and the 26S proteasome. 37 Finally, the C-terminal transmembrane (TM) domain anchors FKBP38 to the outer membranes of mitochondria and the ER.
32,38
Here, we present that the FATC domain of yeast TOR1 (y1fatc) can also be used as a water-soluble Cterminal membrane anchor for other proteins. As case study we fused y1fatc to the FKBP38 binding domain [FKBP38-BD, residues 88-206 of human isoform 2, Fig. 1(A) ] mediating the interaction with human TOR and Rheb 33, 34 and monitored the interaction of the FKBP38-BD-y1fatc chimera [ Fig. 1 N HSQC NMR data at natural abundance. y1fatc attached to the C-terminus of Figure 1 . The FATC domain of yeast TOR1 also interacts with membrane mimetic micelles, bicelles, and liposomes if attached to the FKBP12-like domain of human FKBP38. (A) Domain organization of yeast TOR1 and human FKBP38 and built-up of the used FKBP38-BD-y1fatc fusion protein that contains an N-terminal His tag and a factor Xa cleavage site (IEGR) preceded by the sequence GS. The residue numbering corresponds to that in full-length yeast TOR1 (Uniprot-ID P35169) and human FKBP38 (Uniprot-ID Q14318). (B) Schematic representation of the used membrane mimetics. Micelles were formed from dodecylphosphocholine (DPC), bicelles from 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DihepPC) for the rim and 1,2-dimyristoylsn-glycero-3-phosphocholine (DMPC) for the planar bilayer region, and SUVs from DMPC. (C) The structures of micelle immersed oxidized (left, PDB-ID 1KIO) and reduced (right, PDB-ID 1KIT) y1fatc 8 and a simplified model of the immersion depth and orientation that was had been derived earlier based on NMR data using spin-labeled micelles and the titrations with DPC and paramagnetic Mn 21 and oriented circular dichroism data. 12 Note the depicted orientation and immersion depth represent averages, both redox states can move and reorientate in the bilayer as indicated by NMR 15 N-relaxation data (full-length y1fatc) and molecular dynamics simulation data for fragments encompassing only residues Q2452 to W2470. 8, 12 For both structures the helical region is shown in ribbon representation and the side chains of residues P2443 to W2470 in stick representation (proline -magenta, cysteine, yellow, aromatic -green, aliphatic blue, polar -lighter blue). The disulfide bond in the oxidized state is formed by cysteines 2460 and 2467. The three residues labeled in red correspond to the N-terminal residues of the peptides displayed in Figure 3 (A). The membrane environment is represented by a dotted box with an extra dotted line separating approximately the head group from the hydrophobic interior region in reference to the DMPC molecule that is shown in space filling mode at the same molecular size scale as used for the y1fatc structures.
FKBP38-BD as well as the wild type peptides encompassing only the C-terminal residues of y1fatc were able to attach to all tested neutral membrane mimetics including DPC micelles, DMPC/DihepPC bicelles and DMPC SUVs. Parallel to results from studies on full-length y1fatc mutants, 11 green. The y1fatc part is present in the oxidized state with a disulfide bond between C2460 and C2467. Assignments for easily identifiable peaks of y1fatc are labeled by the one letter amino acid code and the residue sequence position in full-length yeast TOR1. 29 The indicated assignments for well-resolved peaks for free y1fatc were adapted from the published values (BMRB accession code 6228). 29 The labels for backbone amide crosspeaks only visible in y1fatc at pH 6.5 but not in FKBP38-BD- Because the FKBP38-BD-y1fatc chimera shall be used for interaction studies with another membrane associating protein at pH 7.8, all the data shown in Figure 1 was recorded at this pH. We additionally recorded data at pH 6.5 (Supporting Information Fig. S2 ) to allow comparison with membrane mimetic interaction studies of y1fatc previously published by our group. 8, 9, 11, 12 The FKBP38-BD part of the FKBP38-BD-y1fatc chimeric protein shows a stronger reduction of the signal intensity at DPC concentrations in the range of 10-40 mM, presumably due to a lower stability at pH 6.5 than at 7.8. However, the y1fatc part shows similar spectral changes in the presence of DPC micelles and DMPC SUVs at pH 6.5 (Supporting Information Fig. S2 ) and pH 7.8 [ Fig. 2 (C, E) and Supporting Information Fig. S1 (A)]. The observed spectral changes at pH 6.5 are in line with previously recorded data for y1fatc and GB1 tagged y1fatc at pH 6.5. 8, 9, 11, 12 Overall, the data indicate that the y1fatc part fused to FKBP38-BD interacts with all tested membrane mimetics at both pH conditions and thus may generally be used as membrane anchoring unit for attached proteins in a pH range from circa 6 to 8.5.
Membrane interaction studies with 11-17 residue long y1fatc peptides indicate that shorter fragments of the TOR FATC domain are sufficient to mediate the interaction with membrane mimetics
Based on molecular dynamics simulations and experiments with spin-labeled micelles, the Cterminal half of the FATC domain is the most important for the immersion in micelles and lipid bilayers. 12 Thus fragments corresponding only to the C-terminal 10-20 residues may suffice to mediate membrane mimetic interactions. To test this hypothesis, we synthesized three peptides corresponding to different lengths of the y1fatc C-terminus [ Fig.  3 (A)]: y1fatc-pep1, the last 11 residues (2460-2470 in full-length yeast TOR1); y1fatc-pep2, 14 residues (2457-2470); y1fatc-pep3, 17 residues (2454-2470).
Since wild type y1fatc with the mutations Y2463E and W2466E does not anymore interact with DMPC SUVs, 11 we further prepared a mutant version of y1fatc-pep3 containing the same amino acid replacements as control. Given that the peptides were not 15 N-labeled, we tested their interaction with micelles composed of deuterated DPC (d 38 ing between 10 and 50 lM. In the case of y1fatc-pep2 and -pep3mutant we performed additionally measurements at a higher sample concentration, circa 0.46 and 0.67 mM, respectively. As indicated by the overall spectral changes of the region showing the amide and aromatic protons, and/or the clearly visible shift or disappearance of the indole ring HE1 signals [ Fig. 3(B) ], all peptides can interact with all tested membrane mimetics with the exception of y1fatc-pep3mutant, which like y1fatc-Y2463E/W2466E did not significantly interact with SUVs. Especially in the less concentrated samples, the amide region shows some signal distortions in the presence of DPC and DihepPC/DMPC bicelles, presumably arising from remaining traces of chloroform and imperfect water suppression and baseline correction. Since deuterated DPC results only in small signals in the aliphatic regions, spectral changes due to micelle interactions can also be observed in the chemical shift range from 21 to 5 ppm. In the presence of DMPC SUVs this is only partially possible, because the protonated DMPC produces signals in the aliphatic range (Supporting Information Fig. S3 , spectra plots on the right side). The signals originating from the lipids of bicelles are so intense that those of the peptides are reduced to baseline, and therefore difficult to detect. Given the high solubility of y1fatc-pep3mutant, we were able to prepare a sample with a concentration of 0.67 mM, and recorded 1 H-15 N HSQC spectra of this peptide in buffer and in the presence of d 38 -DPC micelles and DMPC SUVs at natural abundance (Supporting Information Fig. S4 ). When measured in buffer, the peptide yields a highly characteristic 1 H-15 N HSQC spectrum. The presence of DPC micelles (100 mM d 38 -DPC) results in large spectral changes indicative of an interaction. Fig. 1(C) left side] contains an a-helix from residue E2444 to residue C2460 and that of micelle immersed y1fatc one from residue E2444 to H2462 in the oxidized (PDB-ID 2KIO) and E2444 to Y2463 in the reduced [PDB-ID 2KIT, Fig.  1(C) right side] state. 8, 29 The y1fatc peptides used for this study only partially encompass the helical region. To qualitatively estimate the helical content of the y1fatc peptides in the free and the DMPC micelle immersed states, CD spectra were recorded for each peptide in the absence and presence of micelles (Fig. 4) . As indicated by minima at circa 208 and 222 nm characteristic for the formation of a-helical secondary structure, the longest peptide, y1fatc-pep3, contains a helical stretch in the free state. The shorter peptides y1fatc-pep1 and 22 and y1fatc-pep3mutant by contrast show a spectrum typical for a largely unfolded protein. The addition of DPC micelles has the effect of increasing the ahelical content of all peptides, which was lowest for the 11-residues peptide y1fatc-pep1. These data confirm the NMR monitored interaction with micelles and indicate that the a-helical secondary content of the micelle immersed states correlates with their length, as expected based on the structural data for y1fatc.
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Discussion
The 33-residue encompassing FATC domain of yeast TOR1 (y1atc) has been shown to interact with all tested membrane mimetics including micelles composed of neutral DPC and DihepPC, negatively charged diacyl phosphatidic acid and phoshoinositide lipids, neutral bicelles composed of DihepPC and DMPC as well as SUVs composed of neutral DMPC and or a 1:1 mixture of DMPC and negatively charged 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DMPG). 8, 11, 12 Furthermore, the presence of the B1 domain of streptococcal protein G (GB1, 56 residues) as N-terminal fusion tag does not impair the ability of y1fatc to interact with membrane mimetics. 9 Here, we show that y1fatc can even mediate membrane mimetic interactions if fused to larger proteins such as the protein FKBP38-BD [119 residues plus His tag, Fig. 1(A) ], which suggests that y1fatc may be generally applied as C-terminal membrane anchoring unit for other proteins. We chose FKBP38-BD as test case because it has a transmembrane domain [TM, circa 20 amino acids, Fig. 1(A) ]. The preparation of the isolated TMs as fusion to a suitable purification tag is often possible, because the tag increases the solubility and can be cleaved, while the TM alone can be further un-and refolded or dissolved in organic solvent and reconstituted in a membrane mimetic. 42 Purification of the respective full-length protein containing besides the TM more than one additional domain is not straightforward, because the refolding of a multidomain compared to that of single domain protein is not trivial and thus purification under native conditions is preferred. 43 The presence of the TM may further require the addition of a detergent or a membrane mimetic to improve the solubility as for membrane proteins. 44 Depending on the biochemical or biophysical study to be done, one may further have to replace the detergent or membrane mimetic for a membrane mimetic suitable for the respective method (e.g., use large unilamellar vesicles instead of small ones). The use of y1fatc as membrane anchor has many advantages. First of all, y1fatc is only 33 residues long and also well soluble in aqueous buffers (up to circa 0.5 mM), 29 which facilitates the expression and purification of the target proteiny1fatc fusion protein. The ready solubility of y1fatc in aqueous buffer enables subsequent use of the respective target protein-y1fatc fusion protein for titrations. For example, one could envisage, titrating a target protein1-y1fatc fusion to an already membrane mimetic attached interaction partner of target protein1, for example, a protein already attached to micelles, bicelles, any type of liposome or lipid nanodiscs. 6, 45 In the NMR structures of the oxidized but also the reduced micelle immersed state of y1fatc [ Fig. 1(C) ], the C-terminal residues bend back to form a bulb. This bulb is the major membrane anchoring region. 8, 9, 11, 12 Because attaching it to the N-terminus of a target protein may disturb the formation of this bulb-like structure and thus the membrane anchoring ability, it may only be used as Nterminal membrane anchor if a long linker would be used. Thus one limitation of the y1fatc-membrane anchor is that it is better used as C-terminal fusion, because its C-terminal residues are crucial for the membrane immersion. 8, 9, 11, 12 The FKBP38-BD part itself appeared to interact with DPC micelles at DPC concentrations of circa 10 mM or higher [ Fig. 2(C, D) and Supporting Information Fig. S1(A) ] but not significantly with DiphePC/DMPC bicelles [ Fig. 2(B) and Supporting Information Fig. S1(B) ] and DMPC SUVs [ Fig. 2(E,  F) ]. Since larger DPC concentrations were needed in order to see comparable spectral changes in the case of FKBP38-BD fused to y1fatc [ Fig. 2(C) and Supporting Information Fig. S1(A) ] compared to the isolated FKBP38-BD [ Fig. 2(D) ], the presence of the y1fatc-membrane anchor seemed to lower the affinity for DPC micelles, presumably because y1fatc has a higher affinity towards them than FKBP38-BD. The low chemical shift dispersion of FKBP38-BD in the presence of high DPC concentrations (>circa 10 mM) may be explained by unfolding of the protein or by a conformational change to a more helical micelle immersed state, as observed for Bcl-xL, 46 the FKBP12-rapamycin binding (FRB) domain of TOR, 47 and the N-terminal domain of Formin C. 48 If this conformational transition of the FKBP38-BD shall be suppressed, bicelles, SUVs or presumably also lipid nanodiscs can be used as membrane mimetics. Future studies have to evaluate if the spectral changes of the FKBP38-BD in the presence of DPC micelles reflect a biologically relevant affinity for membrane regions with a high curvature or content of lysolipids, which like DPC have only one fatty acid tail.
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The C-terminal y1fatc-membrane anchor is potentially also a viable alternative for proteins that are post-translationally prenylated/lipidated to obtain a farnesyl, or gernanylgeranyl modification such as many GTPases. 50 If prenlyation shall already occur in E. coli cells, coexpression with the modifying enzyme and a suitable precursor is necessary. 7, 51 Moreover, the purification has to involve an Figure 4 . Superposition of the CD spectra of y1fatc-pep1, y1fatc-pep2, y1fatc-pep3, and y1fatc-pep3mutant in the absence (black) and presence of 100 mM DPC (red). Minima at circa 208 and 222 nm typical for a-helical secondary structure can be detected in the longest y1fatc-pep3 peptides in buffer as well as for all peptides in the presence of DPC micelles. The shorter peptides y1fatc-pep1, y1fatc-pep2 and the mutant version of y1fatc-pep3 in buffer show a spectrum more typical for an unfolded protein. In all cases the addition of DPC micelles increases the content of a-helical secondary structure.
additional step to separate prenylated from unprenylated protein. 7 Proteins may also be chemically modified to obtain a lipid-membrane anchor. The small GTPase Rheb had for example been coupled to the thiol-reactive lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleimidomethyl)cyclohexane-carboxamide] (PE-MCC) embedded in lipid nanodiscs. 6 Using such a procedure an additional purification step is also needed to separate free from lipid nanodisc attached protein. 6 Another advantage of the y1fatc-membrane anchor is that it can be easily introduced by a traditional cloning procedure, for example as shown here, or by site-directed mutagenesis in several steps. These methods of preparation allow introducing a protease site [see Fig. 1(A) ], which enables removal of the y1fatc part, for example, to release the target protein from the membrane mimetic. Moreover, it allows introducing a linker region between the target protein and the y1fatc part to enable the target protein to move more freely in the membrane mimetic localized state. In this study, the use of y1fatc as membrane anchor has been demonstrated based on measurements at pH 7.8 and 6.5 with 150 mM NaCl and if fused to FKBP38-BD additionally 5 mM MgCl 2 in the buffer .
In earlier studies and during the purification of y1fatc or GB1 tagged y1fatc, buffers with pH values from 6 to 8 and containing 0 to 150 mM NaCl and if needed other buffer components (e.g., 2 mM CaCl 2 , oxidized and reduced glutathione, reducing agents such as TCEP, PF1 phages) and temperatures ranging from 298 to 318 K for the micelle immersed oxidized state have been used. 8, 9, 11, 12, 29 Altogether, these data suggest that the use of y1fatc as Cterminal membrane anchoring unit is compatible with a wide range of experimental conditions. The interaction studies with shorter fragments of y1fatc demonstrated that the C-terminal 17-11 residues [2454-2460-2470 in full-length yeast TOR1, Fig. 3(A) ] are sufficient to mediate the interaction with neutral membrane mimetic DPC micelles, DihepPC/DMPC bicelles, and DMPC SUVs [ Fig. 3(B) and Supporting Information Figs. S3 and S4]. This is consistent with the information about the immersion properties of oxidized and reduced y1fatc from NMR studies using DPC micelles containing doxyl-labeled stearic acid molecules and corresponding molecular dynamics studies. 12 These data indicated that the C-terminal circa 20 residues or even only the C-terminal circa 10 residues that form a looped bulb like structure may be enough to mediate membrane association. This can be explained by the presence of many aromatic (H2462, Y2463, W2466, F2469, and W2470) residues within the C-terminal 10 residues [ Fig. 2(A) ], which can mediate interactions with the hydrophobic interior as well as the interface between the polar aqueous environment and the more apolar interior of the membrane. [52] [53] [54] Present hydrophobic aliphatic residues (L2459 and I2464) can also interact with the hydrophobic interior, and a rim of charged residues (E2457 and R2458) as well as the charged C-terminus can mediate interactions with the polar lipid headgroups. 53, 54 Thus, if a longer linker region between the target protein and y1fatc for localization at membranes is not needed or if attaching the full y1fatc sequence is not possible or disruptive of the protein of interest, one may consider just attaching the Cterminal 11-17 residues by site-directed mutagenesis in circa 3 steps. Alternatively, one could chemically synthesize the corresponding y1fatc peptide similar as demonstrated here [ Fig. 3(A) ] and attach them to the target protein by native chemical ligation. 55 The latter approach would further offer the possibility to differently label the y1fatc part and the target protein, for example, to attach unlabeled or fluorescently labeled y1fatc peptide to 15 N-labeled or unlabeled target protein as it has been demonstrated for the ligand binding domain of estrogen receptor b.
56
The membrane anchoring region of y1fatc contains two conserved cysteines (C2460 and C2467). 29 In isolated y1fatc and fused to a GB1 tag, the two cysteines form a disulfide bond during the purification due to atmospheric oxygen, 9, 29 which is also true for most y1fatc mutants. 11 Formation of a Cterminal loop in the free oxidized and the micelle immersed oxidized and reduced states is facilitated by the presence of a conserved glycine (G2465). 8, 12, 29 Indicated by the peak pattern in the 1 H-
15
N HSQC spectra shown in Figure 2 (A), y1fatc also forms a disulfide bond if fused to FKBP38-BD. However, if the stability of the target protein affords the presence of reducing agents in the buffer, this is not problematic because reduced y1fatc also interacts with membrane mimetics. Based on NMR diffusion data, reduced y1fatc has only a slightly lower affinity for DPC micelles (K d 1.86 mM) than the oxidized state (K d 0.31 mM) at 298 K. 8 If the presence of reduced or disulfide bonded cysteines is disruptive, one may consider replacing them for alanine or serine by site-directed mutagenesis. Interaction studies with 15 different y1fatc mutants showed that replacement of 6-7 aromatic or aliphatic residues in the membrane anchoring region to alanine or even polar and charged residues was not enough to suppress the interaction with membrane mimetic DPC micelles and DihepPC/DMPC bicelles. However, replacement of only one aromatic residues (Y2463 or W2466) was already sufficient to suppress the interaction with DMPC SUVS. 11 Since the affinity of membrane anchoring protein regions is mostly determined by hydrophobic aromatic and aliphatic residues, 52-54 the replacement of the cysteines is not expected to significantly reduce the affinity of the y1fatc-membrane anchor. Alternatively, one may consider to chemically modify the cysteines 57 or use the FATC domain of another phosphatidylinositol 3-kinase-related kinase (PIKK) called ataxia telangiectasia mutated (ATM), which has also been shown to interact with DPC and DihepPC micelles, DihepPC/ DMPC bicelles and DMPC SUVs. 10 
Materials and Methods
Plasmid cloning
The region encoding residues 88-206 of human FKBP38 isoform 2 (5 FKBP38-BD, Uniprot-ID: Q14318) was amplified by PCR using as template the expression plasmid pET16::FKBP38-BD. The sequence of the forward primer containing an NdeI site (bold) was 5 0 -GCGC CATATG CCG GCC CCA GAA GAG TG-3 0 and that of the reverse primer containing a BamHI site (bold) 5 0 -CCG GGATCC GTC CAC AGC CGT CTT CAG-3 0 . The used Taq Polymerase, the nucleotide mix and the all the restriction enzymes used in this work had been obtained from New England Biolabs. The purified PCR product was inserted into the TA cloningV R vector pCR2.1 (Invitrogen) and transformed into TOP10 cloning cells (Invitrogen) and used to inoculate a culture in LB medium for a small scale plasmid preparation using a Wizard 
Protein expression and purification
The His-tagged FKBP38-BD-y1fatc chimeric protein was expressed in Escherichia coli BL21 (DE3) cells in M9 minimal medium containing as sole nitrogen source 15 N-NH 4 Cl until the OD 600 was 0.7-0.9, induced with 1 mM IPTG and grown for another 3 h at 37 8C in a shaking flask incubator. The cells were harvested by centrifugation (6,000 3 g, 30 min, 4 8C). The supernatant was discarded and the pellet was resuspended in 40 mL nanopure water, centrifuged again (6,000 3 g, 30 min, 4 8C) and the pellet stored at 220 8C. The next day this pellet was resuspended in 50 mL 50 mM Tris, 2 mM EDTA, 2 mM benzamidine, 2 mM DTT pH 7.8 per 1 l culture, thoroughly vortexed and the cells lysed by sonication (Sonoplus Bandelin, UV 3200) for 15 min on ice with a power level of 35% and a pulse length of 5 s and then centrifuged (23,000 3 g, 20 min, 4 8C). Since the majority of the His-tagged FKBP38-BD-y1fatc chimeric protein expressed into inclusion bodies, the supernatant was discarded. The pellet was washed with 20 mL 50 mM Tris, 1 M urea, 1 mM TCEP, pH 7.8 centrifuged again and the resulting pellet extracted by adding 15 mL 50 mM Tris, 8 M urea, pH 7.8 manual disruption, and incubation on a rocking device at 4 8C for 1 h. Following centrifugation, the supernatant was dialyzed to decrease the urea concentration in several steps (4, 2, 1, and 0 M) using a membrane with a molecular weight cut-off (MWCO) of 3.5 kDa. The resulting protein solution was loaded onto a Ni-NTA resin (Qiagen) filled column (5 mL) that had been equilibrated with 50 mM Tris, 150 mM NaCl pH, 7.8. The protein was eluted in five fractions of 5 mL using buffer containing 20, 50, 100, 200, and 500 mM imidazole. The eluted fractions containing based on the SDS-PAGE analysis the target protein, were pooled, washed with 20 mM Tris, 150 mM NaCl, 5 mM MgCl 2 , pH 7.8, and concentrated with centrifugal filter devices (AmiconV R Ultra Centrifugal Filter Units MWCO 3000, 15 mL, Merck Millipore) at 3,500 3 g and 4 8C. The protein was further purified by a size exclusion chromatography step using a 75 pg Superdex TM HiLoad TM 16/600 column (GE Healthcare) coupled to an € AKTA Prime FPLC system (GE Healthcare) equilibrated in 20 mM Tris, 150 mM NaCl, 5 mM MgCl 2 , pH 7.8, which was also used as running and elution buffer, at a flow rate of 1 mL/min. Note, the final buffer contained 5 mM MgCl 2 since it is planned to use the chimeric protein for bindings studies with a protein that needs this in the buffer. Protein concentrations were determined by UV spectroscopy using the extinction coefficient at 280 nm calculated based on the amino acid sequence and assuming that all cysteines are oxidized (FKBP38-BDy1fatc E(280 nm) 5 22,710 M 21 cm
21
).
Peptide synthesis
Peptides y1fatc-pep1 (2460-2470), y1fatc-pep2 (2457-2470), y1fatc-pep3 (2454-2470) & y1fatc-pep3mutant
[2454-2470 Y2463E/W2466, Fig. 3(A) Bicelles were prepared by first drying an appropriate amount of the long chain phospholipid in organic solvent (DMPC in chloroform) under a stream of nitrogen gas in a glass vial. The dried lipid film was first resuspended in a small amount of buffer, followed by the addition of the short chain lipid (DihepPC) in buffer. Following thorough vortexing of the bicelle mixture, the protein solution was added.
Liposomes of the small unilamellar vesicle (SUV) type were prepared by drying an appropriate amount of a DMPC stock solution in chloroform under a stream of nitrogen gas. To dissolve the dried lipid film in an amount of buffer needed to obtain a 100 mM solution, it was exposed to seven cycles of freezing in liquid nitrogen, thawing by incubation in a water bath at 40 8C and thorough vortexing. The DMPC suspension was incubated in an ultra sonication bath for 30 min, in order to induce the formation of small unilamellar vesicles (SUVs) from large uni-and multilamellar vesicles. To remove the remaining large vesicles, the milky suspension was centrifuged in a tabletop centrifuge for 5 min at 14.8 K rpm. This resulted in a clear supernatant and a rather big flocculent white precipitate. For the preparation of a protein sample in the presence of liposomes, only the clear supernatant containing small unilamellar vesicles was used.
Peptides were dissolved in 50 mM Tris, 100 mM NaCl, pH 6.5. Peptides y1fatc-pep1-3 [ Fig. 3(A) ] were dissolved stepwise in an amount of buffer necessary to result in a clear solution. To obtain a higher concentrated sample of y1fatc-pep3mutant [ Fig. 3(A) ] it was dissolved in an excess of buffer (20 mL) and then concentrated using a centrifugal filter device (AmiconV R Ultra Centrifugal Filter Units MWCO 3000, 15 mL, Merck Millipore) at 3,500 3 g and 48C. However, due to the small size of the peptide and the rather large MWCO more than half of the peptide went into the flow-through. The final concentrations in the used NMR samples were 40 lM for y1fatc-pep1, 25 lM for -pep2, 12.5 lM for -pep3, and 47 lM for -pep3mutant. For y1fatc-pep2 an additional higher concentrated sample of 0.46 mM and forpep3mutant one of 0.67 mM had been prepared. Peptide concentrations were determined by UV spectroscopy using the extinction coefficient at 280 nm calculated based on the amino acid sequence and assuming that all cysteines are oxidized (y1fatc-pep1-3 E(280 nm) 5 ). NMR samples in the presence of micelles contained either 0.5-40 mM DPC for the His-tagged FKBP38-BD-y1fatc fusionprotein or 100 mM d 38 -DPC for the peptides. The lipid concentration in the bicelles sample was 43 mM DMPC and 215 mM DihepPC, corresponding to q 5 0.2 and c L 5 15% in the protein samples and 35 mM DMPC and 173 mM DihepPC, corresponding to q 5 0.2 and c L 5 12%, in the peptide samples. The DMPC concentration in the liposome samples was <50 mM in the protein and higher concentrated sample of y1fatc-pep3mutant used for the natural abundance 1 H- 15 N HSQC measurement and <42 mM in all other peptide samples.
NMR spectroscopy
NMR spectra were acquired at 298 K on a Bruker DRX500 and 600 spectrometers, both equipped with cryogenic probes. Data were processed with NMRPipe 59 and analyzed using NMRView. 60 Peptide sample preparation for CD experiments
The peptide concentration used for CD experiments were: y1fatc-pep1 80 lM, -pep2 25 lM, -pep3 25 lM and -pep3mutant 47 lM in 50 mM Tris, 100 mM NaCl, pH 6.5. The samples in the presence of micelles, bicelles, or liposomes were prepared as described for the NMR samples.
CD spectroscopy. All CD spectra were recorded at room temperature on a Jasco J715 spectropolarimeter using a cuvette with a path length of 0.1 cm. All spectra were recorded with an acquisition time of 50 nm per minute (8 s response time) and five scans.
Conclusions
In conclusion, we showed that the 33-residue long FATC domain of yeast TOR1 or shorter fragments of it encompassing only the C-terminal 11-17 residue may be generally employed as C-terminal membrane anchoring unit for other proteins. The TOR1 FATC domain can be easily fused to the target protein by a cloning procedure, site-directed mutagenesis, or peptide synthesis in combination with native chemical ligation. It is well water-soluble, compatible with a wide variety of buffer conditions, and interacted in this study, as well as in previous ones 8, 9, 11, 12 with all tested neutral and negatively charged membrane mimetics including micelles, bicelles, and liposomes.
Supplementary Material
Additional NMR monitored membrane mimetic interaction data for FKBP38-BD-y1fatc and FKBP38-BD at pH 7.8 and 6.5 [Supporting Information Figs. S1 and S2, respectively]) and additional NMR monitored membrane mimetic interaction data for the used y1fatc peptides (Figs. S3 and S4 ).
